The level of granulocyte-macrophage colony-stimulating factor (GM-CSF) increases in some disorders such as vascular dementia, Alzheimer's disease, and multiple sclerosis. We previously reported that in Alzheimer's disease patients, a high level of GM-CSF in the brain parenchyma downregulated expression of ZO-1, a blood-brain barrier tight junction protein, and facilitated the infiltration of peripheral monocytes across the blood-brain barrier. However, the molecular mechanism underlying regulation of ZO-1 expression by GM-CSF is unclear. Herein, we found that the erythroblast transformation-specific (ETS) transcription factor ERG cooperated with the proto-oncogene protein c-MYC in regulation of ZO-1 transcription in brain microvascular endothelial cells (BMECs). The ERG expression was suppressed by miR-96 which was increased by GM-CSF through the phosphoinositide-3 kinase (PI3K)/Akt pathway. Inhibition of miR-96 prevented ZO-1 down-regulation induced by GM-CSF both in vitro and in vivo. Our results revealed the mechanism of ZO-1 expression reduced by GM-CSF, and provided a potential target, miR-96, which could block ZO-1 down-regulation caused by GM-CSF in BMECs.
Introduction
The blood-brain barrier (BBB) separates the central nervous system (CNS) from the circulating blood, and forms a specific ''milieu'' for neurons by controlling the transport of substances including chemicals, 1,2 nutrients, 3, 4 cells in the peripheral circulation, [5] [6] [7] [8] [9] polypeptides, and others. 10, 11 The function of BBB mainly depends on brain microvascular endothelial cells (BMECs), which are characterized by complex tight junctions, reduced transcytosis, and some characteristic cell membrane transporters. 12 The disassembly of tight junctions induces changes in material transportation, abnormal angiogenesis, inflammatory responses, and brain hypoperfusion, which could be the causes or consequences of certain diseases like Alzheimer's disease, 13, 14 amyotrophic lateral sclerosis, 15 and multiple sclerosis. 16, 17 Granulocyte-macrophage colony-stimulating factor (GM-CSF) is produced in diverse CNS cells under pathological conditions, [18] [19] [20] and it can cross the BBB. 21 In view of the widespread expression of the GM-CSF receptor in the cerebral parenchyma, including the microglia, ependymal cells, choroid plexus cells, neurons, and endothelial cells, 18, [22] [23] [24] [25] it is necessary to focus on the multiple functions of GM-CSF in physiological and/or pathological conditions. Interestingly, GM-CSF promotes the migration of human monocytes across the BBB into the brain parenchyma, 9, 19 which partially results from increasing of BBB permeability caused by reducing levels of zonula occludens-1 (ZO-1) and claudin-5 in brain microvascular endothelial cells (BMECs). 9 ZO-1 is a cytoplasmic accessory protein with multiple domains that is involved in tight junction formation. 26 ZO-1 and other family members link the transmembrane proteins including claudins, occludins, and junction adhesion molecules (JAMs) to other cytoplasmic proteins and actin microfilaments. 27 Some studies reported the influence factors of ZO-1 expression, and partly revealed mechanisms of ZO-1 transcription. TNF-a and interleukin (IL)-6 decreased ZO-1 expression in HBMECs, 28 and endophilin-1 over-expression reduced the expression of ZO-1. 29 Recently, Chen et al. 30 reported that JunD was a biological suppressor of ZO-1 expression in intestinal epithelial cells and ZO-1 played a critical role in maintaining epithelial barrier function. However, the molecular mechanisms regulating ZO-1 expression under physiological and/or pathological conditions are not fully understood. In this study, we explored the mechanism of ZO-1 transcription suppressed by GM-CSF in BMECs in vitro and in vivo.
Materials and methods Animals
C57BL mice (male, 8-12 weeks old) used in this study were obtained from the Lab Animal Center of China Medical University. Recombinant mouse GM-CSF (BD Biosciences, Franklin Lakes, NJ, USA) was reconstituted at 100 mg/mL in sterile PBS containing 0.1% bovine serum albumin. miR-96 antagomir-cy3 and negative control antagomir (GenePharm, Shanghai, China) were dissolved in RNase-free H 2 O.
All mice were fed in a controlled environment (50% humidity, 22-25 C). The administration methods were described previously. 9 Twenty-four male mice were divided into two groups: control group and experimental group. The control group mice received intracerebroventricular injections of PBS, and the experimental group mice were injected with 30 ng of recombinant mouse GM-CSF respectively.
In the rescue experiment, 36 male mice were randomly divided into three groups: control group, experimental group, and treatment group. The control group mice received PBS, the experimental group mice received respectively 30 ng of recombinant mouse GM-CSF and 400 mg of negative control antagomir, and the treatment group mice were given respectively 30 ng of recombinant mouse GM-CSF and 400 mg of miR-96 antagomir-cy3.
After 48 h, mice from all groups were re-anesthetized, and brains were excised for immunohistofluorescence staining and Western blot analysis.
Efforts were made to minimize animal suffering and the number of animals used. Experimental procedures were conducted in accordance with the regulations of the animal protection laws of China and approved by the animal ethics committee of China Medical University (JYT-20060948). All protocols were reviewed and approved by the China Medical University Review Committee. All studies involving animals were performed in accordance with the ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines.
Immunohistofluorescence staining
Mice were anesthetized with pentobarbital (40 mg/kg) and perfused with 30 mL of PBS and 30 mL of 4% paraformaldehyde from the left ventricle in sequence. The brains were excised and stored in 4% paraformaldehyde overnight. On the second day, 50 mm vibratome slices were washed, blocked for 1 h in 8% (v/v) donkey serum dissolved in 0.01 M PB containing 0.5% Triton-X100 and incubated at 4 C overnight with anti-CD31 (BD Biosciences), anti-ZO-1-FITC (Thermo Scientific, Waltham, MA USA), or lectin (Vector Labs, California, USA) diluted 1:100 in 0.01 M PB containing 0.1% Triton-X100 (Sigma-Aldrich, Darmstadt, Germany) and 1% (v/v) donkey serum (SigmaAldrich). After washing, all sections were incubated at room temperature for 3 h with Cy3-conjugated IgG goat anti-rabbit (Jackson ImmunoResearch, Hamburg, Germany) diluted 1:250 in 0.01 M PB containing 0.3% triton-X100. Nuclei were stained with 300 nM 4,6-diamidino-2-phenyl-indole (DAPI) for 20 min. Sections were covered with mounting medium (Vector Labs) and viewed via confocal microscopy (ZEN 2.1, Carl Zeiss, Germany).
The merged fluorescent mouse brain images were opened by ZEN 2.1(Carl Zeiss Microscopy GmbH) and amplified. We chose three typical capillaries per image, separated different channels and automatically generated pixel intensity for each channel. The ratio of ZO-1 (green) to CD31(red) pixel intensity was calculated, and the average ratio of each image was used for statistical analysis.
Cell culture
The human brain microvascular endothelial cells (HBMECs) were obtained from surgical resections in 4-to 7-year-old children 31 and cultured in complete RPMI-1640 medium containing 10% foetal bovine serum (FBS), 10% Nu-serum (BD Biosciences), 2 mM glutamine, 1 mM sodium pyruvate, 1Â nonessential amino acids and 1Â MEM vitamins. 
Plasmid construction and luciferase assays

RNA interference
All siRNA sequences used in the study were designed and synthesized by Shanghai GenePharma Co., Ltd. siRNA sequences are listed in Supplementary Table S1 .
Cell immunofluorescence staining
Cells on the slides were washed three times with 1Â PBS, fixed with 4% paraformaldehyde for 30 min and permeabilized with 0.05% Triton-X100 for 1 min. Then, 5% normal donkey serum in 1Â PBS was used to block nonspecific binding for 1 h at [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] C, and cells were incubated at 4 C overnight with anti-ZO-1-FITC (Thermo Scientific) diluted 1:100 in 1Â PBS containing 1% (v/v) donkey serum. Finally, cells were stained with DAPI, diluted 1:2000 for 2 min and observed using a fluorescent microscope.
Real-time quantitative RT-PCR analysis
Total RNA was extracted using Trizol (Invitrogen) in accordance with the manufacturer's protocol. The cDNA was synthesized in a reaction system containing RNase-free DNase I (Takara Biotechnology (Dalian) Co. Ltd, Dalian, China), M-MLV reverse transcriptase (Promega), random primers (TaKaRa), RNase inhibitor (TaKaRa), dNTPs (TaKaRa) and ddH 2 O. The reverse transcription conditions were as follows: 37 C for 1 h followed by 95 C for 5 min. Real-time PCR was performed using an ABI 7500 real-time PCR system (Applied Biosystems, Foster City, CA, USA) with SYBR Õ Selected Master Mix (ABI) in accordance with the manufacturer's protocol, and the reaction conditions were as follows: 94 C for 2 min followed by 40 cycles of 94 C for 15 s and 60 C for 40 s. All primers used are listed in Table S2 .
Western blot analysis
Cells or mouse brain corpus striatum were lysed in PIPA buffer (Beyotime, Nantong, China) containing 1/25 cocktail (Roche, Germany) for 30 min, and the lysates were centrifuged (13,000 Â g) at 4
C for 15 min. A BCA protein assay kit (Pierce, Rockford, IL, USA) was used to quantify protein concentrations. Different proteins were separated via 9% SDS-PAGE and transferred to a PVDF membrane electrophoretically. Then, the membranes were blocked in 5% non-fat milk in TBS containing 0.1% Tween-20 for 1 h and incubated overnight with primary antibodies as follows: ZO-1 (Abcam, Cambridge, MA, USA), ERG (Santa Cruz Biotechnology, Santa Cruz, CA, USA), c-MYC (Abcam) and GAPDH (KangChen Biotech, Shanghai, China). All membranes were washed three times in PBST and incubated with horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology) at [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] C for 1 h. The blots were incubated with SuperSignal West Pico Chemiluminescent Substrate (Pierce), and observed via a LAS-3000 imaging system (Fujifilm). The relative signal densities were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA), and GAPDH density was used as the internal control.
ChIP and re-ChIP
Cells (1.0 Â 10 7 ) were prepared for ChIP assays, which were performed using a ChIP kit (Millipore, Billerica, MA, USA) in strict accordance with the manufacturer's protocol. In brief, 1% formaldehyde was added to the medium for 10 min at 37 C to form cross-linked protein-DNA complexes. Following sonication, immunoprecipitation of cross-linked protein/DNA, elution of protein/DNA complexes, reversal of cross-links of protein/ND complexes to free DNA, DNA purification using spin columns and real-time quantitative PCR was performed to determine whether the ERG binding site in the ZO-1 promoter was bound.
Re-ChIP experiments were performed as Harris 32 described. The protein/DNA complexes from the initial immunoprecipitation (anti-ERG) were eluted for 30 min at 37 C with 10 mM DTT. After centrifugation, the supernatant was removed and diluted 20 times in reChIP buffer. The second antibody (anti-c-MYC) was added, followed by cross-link reversal and DNA purification as mentioned previously. Finally, DNA products were amplified by real-time PCR. Primers are listed in Table S3 .
Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). Statistical significance between two groups was assessed using a two-tailed Student's t-test (a ¼ 0.05). One-way ANOVA followed by Dunnett's or Newman-Keuls' test was performed for multiple comparisons. Differences were considered statistically significant at p < 0.05.
Results
GM-CSF reduces ZO-1 expression in mouse brain microvessels
To investigate effect of GM-CSF on ZO-1 expression in brain microvascular endothelial cells in vivo, wild-type C57BL mice (male, 8-12 weeks old) were subjected to intracerebroventricular injections of mouse recombinant GM-CSF or an equal volume of PBS as previously mentioned. 9 After 48 h, brains were separated for vibratome sectioning, and corpus striatums were lysed for Western blot. Immunohistofluorescence staining of corpus striatums (Figure 1(a) and (b) ) revealed that the expression of ZO-1 (green) reduced significantly in the GM-CSF group than in the PBS group. Similarly, Western blot (Figure 1(c) and (d) ) illustrated that ZO-1 expression in the GM-CSF group was also decreased significantly compared with that in the PBS group. The results indicated that intracerebral GM-CSF could decrease ZO-1 expression in vivo. 
ETS transcription factor ERG regulates ZO-1 transcription in HBMECs
To further investigate the mechanism by which GM-CSF down-regulates ZO-1 expression in mouse brain microvessels, we cloned different parts of the ZO-1 promoter sequence into the pGL3 basic vectors and transfected them with pRL-TK into HBMECs that were either incubated in the presence or absence of 20 ng/mL GM-CSF. After 48 h, the cells were lysed, and ZO-1 expression was detected using a luciferase reporter assay. We found that GM-CSF reduced ZO-1 transcription via truncation at À2787 to À2747 (Figure 2(a) ). The possible transcription factors were predicted using the Matinspector programme, and three transcription factors, namely ERG, NFATC1, and NFATC2, were screened according to the scores (Figure 2(b) ). Then, the transcription factors were suppressed via RNA interference, results showed that siErg-518 and siErg-165 could significantly decrease the mRNA levels of Erg (Figure 2(c) ) and ZO-1 (Figure 2(d) ). The protein levels of Erg (Figure 2(e) ) and ZO-1 (Figure 2(f) ) were also reduced. Regarding Nfatc1, siNfatc1-2543, siNfatc1-2441, and siNfatc1-2070 reduced Nfatc1 mRNA expression (Supplementary Figure 1a) . However, ZO-1 expression was neither decreased at the mRNA (Supplementary Figure 1b) nor at the protein level ( Supplementary  Figure 1c) . Similarly, although siNfatc2-2036, Figure 1d) , none of the siRNAs decreased the ZO-1 mRNA (Supplementary Figure 1e) or protein levels (Supplementary Figure 1f) . Immunofluorescent staining revealed that siErg-165 obviously repressed ZO-1 expression (Figure 2(g) ). These data indicated that ZO-1 expression is mainly regulated by ERG binding to the ZO-1 promoter region of À2787 to À2747.
c-MYC regulates the transcription of ZO-1 in HBMECs
We have previously reported that the À675 to À1 truncation also participated in ZO-1 transcription. 9 Therefore, we continued to clone different parts of this truncation into the pGL3 basic vectors and performed the luciferase reporter assay in the same manner. The results indicated that the À43 to À1 truncation included the transcription factor binding sites (Figure 3(a) ). The possible transcription factors were also predicted using the Matinspector online software, with the highest score obtained for c-MYC ( Figure  3(b) ). Next, a c-MYC silencing assay demonstrated that sic-MYC-587 decreased c-MYC (Figure 3(c) ) and ZO-1 mRNA levels (Figure 3(d) ) significantly, and the protein expression of c-MYC (Figure 3(e) ) and ZO-1 (Figure 3(f) ) was also significantly depressed. Similarly, the inhibition of ZO-1 expression by c-MYC was observed via immunofluorescence (Figure 3(g) ). These data demonstrated that ZO-1 expression is regulated by c-MYC binding to the ZO-1 promoter region of À43 to À1.
Expression of ERG is suppressed by GM-CSF, and ERG cooperates with c-MYC in the regulation of ZO-1 transcription
To investigate whether ERG and c-MYC expression were regulated by GM-CSF, we measured the expression of ERG and c-MYC in HBMECs stimulated by GM-CSF. The results illustrated that simulation with 20 ng/ mL GM-CSF for 24 or 48 h significantly decreased ERG mRNA expression when compared with the untreated control (Figure 4(a) ), and ERG protein was decreased significantly after 48 h of treatment (Figure 4(b) ). However, GM-CSF treatment for 24 or 48 h did not affect the relative mRNA or protein expression of c-MYC ( Supplementary Figure 2a and b) . To further verify whether ERG cooperated with c-MYC in promoting ZO-1 transcription, we performed chromatin immunoprecipitation (ChIP) and re-ChIP assays. The result demonstrated that ERG and c-MYC cooperated to bind to ZO-1 promoter and regulate ZO-1 transcription (Figure 4(c)) . A limited network analysis by STRING (http://string-db.org/) illustrated that ERG and c-MYC might form a complex with CREB1, JUND, MAX and/ or other factors to control ZO-1 transcription (Figure 4(d) ). These data indicated that GM-CSF reduced ERG levels, which cooperated with c-MYC in regulating ZO-1 transcription in HBMECs.
miR-96 targets ERG mRNA and regulates ERG expression
To investigate the mechanism by which GM-CSF reduces ERG expression, we predicted possible miRNAs targeting this transcription factor using the online software microRNA.org. Five miRNAs, namely miR-96, miR-33a, miR-30c, miR-30b, and miR-19b2, were screened. The result indicated that high levels of miR-96 could suppress ERG and ZO-1 expression (Figure 5(a) and (b) ). However, miR-33a, miR-30c, miR-30b, and miR-19b2 did not suppress ERG expression (Supplementary Figure  3) . Furthermore, inhibition of miR-96 could increase the ERG and ZO-1 expression (Figure 5(a) and (b) ). The binding sites of miR-96 in the ERG 3 0 UTR were predicted by microRNA.org ( Figure 5(c) ). To further verify the targeted binding sites, we cloned wild-type or mutated sequences of the ERG 3 0 UTR into the pmirGLO vector ( Figure 5(d) ) and performed dual luciferase report experiments, which illustrated that miR-96 suppressed ERG expression by targeting the predicted binding site ( Figure 5(e) ).
GM-CSF increases miR-96 levels through the PI3K/ AKT pathway and miR-96 inhibition prevents ZO-1 suppression induced by GM-CSF in HBMECs
To further investigate whether miR-96 was regulated by GM-CSF, miR-96 levels were detected in HBMECs Figure 4 . ETS transcription factor ERG expression was suppressed by granulocyte/macrophage colony-stimulating factor (GM-CSF), and ERG cooperates with c-MYC in regulating zonula occludens-1 (ZO-1) expression. Erg mRNA (a) and protein (b) levels in HBMECs were detected after stimulation with GM-CSF (20 ng/mL) for 24 or 48 h. One way ANOVA was used for repeated measurements. Data are shown as the mean AE SD, n ¼ 3. *p < 0.05 and **p < 0.01 vs. 0 h. (c) ERG and c-MYC cooperated to bind to the ZO-1 promoter sequence. In the ChIP assay, primary antibodies against IgG and ERG were used to immunoprecipitate the DNA sequences in the lysate of HBMECs, and specific primers were used to detect the ZO-1 promoter sequence. In the re-ChIP assay, IgG and c-MYC primary antibodies were used to immunoprecipitate the DNA sequences that were screened by the ERG primary antibody, and another pair of specific primers were used to detect the ZO-1 promoter sequence. (d) Paradigm of the predicted relationship among GM-CSF, ERG, and c-MYC. A limited network analysis was performed using STRING to clarify the factors that control ZO-1 transcription.
incubated with 20 ng/mL GM-CSF. Results showed that miR-96 levels were increased after 24 or 48 h of incubation ( Figure 6(a) ). Schabitz et al. 22 reported that GM-CSF acted as a neuroprotective protein in the CNS through the PI3K-Akt pathway, and Qiu et al. 33 discovered that the induction of cyclin D1 expression and cell cycle progression induced by GM-CSF were mediated partially by the PI3K/Akt pathway in endothelial progenitor cells. To study the pathway through which GM-CSF increased miR-96 levels, different concentrations of PI3K and AKT inhibitors were added to the medium of HBMECs, which were stimulated by GM-CSF simultaneously. We observed that various concentrations of the PI3K inhibitor BEZ235 and the AKT inhibitor MK-2206 2HCL respectively suppressed the up-regulation of miR-96 levels induced by GM-CSF in a concentration-dependent manner (Figure 6(b) and (c) ). miR-96 inhibition could block the down-regulation of ERG and ZO-1 induced by GM-CSF (Figure 6(d) and (e)), and also prevent the damage of ZO-1 assembly (Figure 6(f) ). These results indicated that GM-CSF reduced ZO-1 expression via miR-96/ERG through the PI3K/AKT pathway.
Inhibition of miR-96 prevents ZO-1 downregulation induced by GM-CSF in mouse brain microvessels
To verify that miR-96 mediate ZO-1 down-regulation induced by GM-CSF in vivo, wild-type mice received intracerebroventricular injections of equal volumes of PBS, GM-CSF þ NC antagomir or GM-CSF þ miR-96 antagomir. After 48 h, brain corpus striatums were subjected to immunohistofluorescence staining and Western blot analysis. The results indicated that miR-96 antagomir-cy3 diffused into the brain corpus striatum and capillaries (Supplementary Figure 4) . According to the ratio of green (ZO-1) to red (CD31) pixel intensity, miR-96 antagomir blocked ZO-1 down-regulation induced by GM-CSF in vivo (Figure 7(a) and (b) ), and Western blot analysis also revealed that miR-96 antagomir prevented ZO-1 down-regulation caused by GM-CSF in brain corpus striatum capillaries (Figure 7(c) and (d) ). The data indicated that GM-CSF suppressed ZO-1 expression through miR-96. 
Discussion
GM-CSF, a type of pleiotropic cytokine, exerts its effects on most cell types in the haematopoietic compartment. 34, 35 It has been reported that GM-CSF levels are up-regulated in various neurological disorders, such as vascular dementia, Alzheimer's disease and multiple sclerosis, [36] [37] [38] [39] although Tarkowski et al. 40 reported that GM-CSF levels were undetectable in patients with Alzheimer's disease or in the controls, which possibly resulted from the different genomic background, the number of study subjects or stages of disease. GM-CSF plays a variety of functions in CNS in multiple diseases including Alzheimer's disease. 9, 18, 19, 36 Notably, GM-CSF promotes the migration of human monocytes across the BBB partly by suppressing ZO-1 transcription and augmenting claudin-5 degradation. 9, 19 However, the mechanism by which GM-CSF suppresses ZO-1 transcription in HBMECs is unclear. Clarification of this mechanism may provide potential targets for regulating human monocyte across the BBB in patients with Alzheimer's disease.
ZO-1 is one of the critical tight junction proteins in keeping paracellular barrier of BBB. Some researchers have paid effort to the mechanisms of ZO-1 transcriptional regulation. Chen et al. 30 discovered that JunD binding to the À2787 to À2227 region of the ZO-1 promoter suppressed ZO-1 transcription in intestinal epithelial cells, and this process was mediated through a CREB binding site in the À620 to À446 region. Shang et al. 9 demonstrated that GM-CSF suppressed ZO-1 transcription through some factor binding to the À2787 to À1988 region of ZO-1 promoter, and factors binding to the À2787 to À1988 as well as À675 to À1 regions cooperate to promote ZO-1 transcription in HBMECs. It was necessary to identify the transcription factors that mediate suppression of ZO-1 expression by GM-CSF. In this study, dual luciferase report experiments and the Matinspector online software were employed, and we identified ERG and c-MYC (encoded by MYC) as ZO-1 transcription factors for the first time. ERG, a member of the ETS transcription factor family, shares a highly conserved DNA binding domain that recognizes DNA with an conserved core motif of GGAA/T, 41 and highly expresses in endothelial cells. 42 ERG expression can be suppressed by proinflammatory cytokines, 43 and it is a positive regulator of VE-cadherin, endoglin, von Willebrand factor, and claudin-5. 41, 44, 45 In addition, ERG could negatively regulate levels of IL-8 and intercellular adhesion molecule (ICAM)-1. 43, 46 Although it has been reported that ERG stimulated by inflammation promotes vascular stability and angiogenesis and maintains barrier function, 41, 44, 47, 48 we discovered that ERG functioned as a positive transcription factor of ZO-1, and GM-CSF could reduce ERG expression in HBMECs. We also found another transcription factor, c-MYC, which cooperated with ERG in promoting ZO-1 transcription. However, GM-CSF did not affect c-MYC expression according to our results. Similarly, both c-MYC mRNA and protein stability were not affected by GM-CSF in factor-dependent human leukemic cell lines (MO7e and F36P). 49 c-MYC depletion suppressed CLDN5 and ICAM1 expression in the brain endothelium. 50 In addition, c-MYC was associated with higher microvessel density in medulloblastoma. 51 In this study, we observed that ERG cooperated with c-MYC to promote ZO-1 transcription in HBMECs for the first time.
Based on our results and published ZO-1 transcription factors, 28, 30, 52 influence factors of GM-CSF levels, 40 ERG, 41, [46] [47] [48] 53 and c-MYC, 49, 50, 54, 55 STRING network analysis suggested that ERG and c-MYC may form a complex with CREB1, JUND, MAX and/or other factors to regulate ZO-1 transcription under different conditions, whereas GM-CSF suppressed ZO-1 transcription by reducing ERG levels. We also discovered that miR-96, which was upregulated by GM-CSF, suppressed ERG expression both in vitro and in vivo. Previous investigations of miR-96 were mostly focused on tumour or cancer fields, and its functions varied widely. For example, miR-96 promoted breast cancer tumour proliferation and invasion as well as oesophageal cancer proliferation and chemo-or radioresistance both by targeting RECK, 56, 57 suppressed renal cell carcinoma invasion via the downregulation of ezrin, 58 accelerated the growth of prostate carcinoma cells by suppressing MTSS1, 59 and facilitated proliferation and invasion through targeting ephrin A5 in hepatocellular carcinoma. 60 Noticeably, miR-96 levels increased in young endothelial cells compared with that in senescent endothelial cells, which could result in differential expressions of downstream genes. 61 In view of the crucial functions of ERG in endothelial cells, 47 the discovery that miR-96 suppressed ERG expression was extremely meaningful. In particular, inhibition of miR-96 in vivo prevented the down-regulation of ZO-1 induced by GM-CSF, which could act as a potential tool for controlling monocytes across the BBB, although the role of monocytes in cerebral parenchyma needed to be further studied.
The GM-CSF signalling pathway has been revealed. 62 GM-CSF most prominently induces PI3K-Akt signalling. Inhibition of Akt strongly decreased the neuroprotective function of GM-CSF, 22 and GM-CSF induced cyclin D1 expression and the proliferation of endothelial progenitor cells via PI3K and MAPK signalling. 33 In this study, we confirmed that inhibitors of PI3K or AKT blocked the up-regulation of miR-96 stimulated by GM-CSF.
In summary, GM-CSF up-regulated miR-96 expression through the PI3K/AKT pathway, which resulted in decreased ERG expression. Then, a lower level of ERG cooperated with c-MYC to promote ZO-1 transcription, and ZO-1 protein levels were reduced in tight junctions. This research revealed the transcriptional regulation of ZO-1 by GM-CSF in BMECs to some extent, partly confirmed the disadvantageous effects of GM-CSF on the BBB and provided a potential target, miR-96, which could prevent ZO-1 down-regulation caused by GM-CSF both in vitro and in vivo. 
